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organism	 responds	 to	 the	 other,	 gene	 expression	 changes	 in	 both	
the	host	and	the	pathogen	(Kawahara	et	al.,	2012).	Yet,	despite	the	
importance	of	host–pathogen	interactions,	the	genetic	mechanisms	
underlying	 host–pathogen	 interactions	 during	 infection	 remain	
poorly	understood.	(Westermann,	Gorski,	&	Vogel,	2012).
Gene	expression	studies	have	been	revolutionized	by	RNA-	seq	
(Mortazavi,	Williams,	 McCue,	 Schaeffer,	 &	Wold,	 2008).	 In	 infec-
tion	biology,	RNA-	seq	can	involve	sequencing	RNA	extracted	from	












both	 host	 and	 pathogen.	Given	 this	mixture,	 the	 host	 and	 patho-
gen	 reads	need	 to	be	 sorted	 from	each	other.	 This	 sorting	 is	 typ-
ically	 done	 by	 an	 alignment	 algorithm	 that	maps	 the	 reads	 to	 the	
two	 reference	 genomes,	 that	 of	 the	 host	 and	 that	 of	 the	 patho-
gen.	To	increase	the	accuracy	of	sorting	and	limit	the	potential	for	
reads	 to	 mismap	 to	 the	 wrong	 reference	 genome	 (i.e.	 pathogen	
reads	mapped	 to	 the	 host	 genome	 and	 vice	 versa),	 dual	 RNA-	seq	
studies	 have	 employed	 a	 variety	 of	 analytical	 approaches	 such	 as	
discarding	reads	that	map	to	both	the	host	and	pathogen	reference	
genomes	 (e.g.	Westermann	et	al.,	2016)	or	concatenating	host	and	
pathogen	 reference	 genomes	 into	 a	 composite	 for	 genome	 align-
ment	 (Aprianto,	 Slager,	 Holsappel,	 &	 Veening,	 2016).	 However,	
both	methods	of	 read	 sorting	 rely	 on	 reference	 genomes,	 limiting	
their	 application	 to	 systems	 in	 which	 the	 host	 and/or	 pathogen	
species	have	developed	genomic	resources.	As	model	species	with	
sequenced	 and	 annotated	 reference	 genomes	 comprise	 a	 small	
fraction	 of	 total	 species	 (https://www.ncbi.nlm.nih.gov/genome),	 
many	 host–pathogen	 systems	 are	 potentially	 excluded	 from	 dual	
RNA-	seq	analysis.
For	organisms	without	complete	reference	genomes,	approaches	
to	 analysing	 RNA-	seq	 data	 include	 assembling	 reads	 de	 novo	 (i.e.	
assembling	many	small	reads	together	 into	fewer	longer	fragments,	










more	mismatches	 between	 reads	 and	 the	 reference	 genome	 could	
mismap	reads	from	the	wrong	species,	which	could	lead	to	spurious	
inference	of	how	gene	expression	is	affected	by	infection.	De	novo	
assembly	 can	 alleviate	 some	 of	 these	 problems,	 by	 creating	 larger	




reads	 in	 the	datasets,	depending	on	 the	system	of	 interest	 (Baddal	





of	 these	methods	has	not	been	 systematically	 assessed.	Here,	we	
determined	if	and	how	dual	RNA-	seq	can	be	utilized	in	non-	model	
host–pathogen	 systems	 in	 which	 genomic	 resources	 are	 limited.	
Specifically,	we	investigated	if	using	the	genomic	resources	of	spe-




reads,	 as	well	 as	 facilitated	downstream	assessments	of	 the	accu-
racy	of	various	analytical	approaches.	To	investigate	if	using	the	ge-
nomic	resources	of	a	species	closely	related	to	a	species	of	interest	





of	 pathogen	 reads	 in	 the	 sample	 (Figure	1).	We	 explored	 four	 dif-
ferent	 approaches:	1.	 aligning	 raw	 reads	 to	 the	 reference	genome	












2  | MATERIAL S AND METHODS
2.1 | Study system
Simulating	 RNA-	seq	 relies	 on	 a	 reference	 genome	 and	 annota-
tion	 file	 as	 inputs;	 therefore,	we	model	 dual	 RNA-	seq	 using	well-	
characterized	 genomes	 for	 both	 host	 and	 pathogen.	 Additionally,	
to	investigate	the	effect	of	genetic	distance	between	the	pathogen	
of	 interest	 and	 the	 reference	 genome	 used	 for	 aligning	 reads,	we	
needed	to	model	a	pathogen	species	for	which	closely	related	sister	
species	were	also	fully	sequenced.	First,	we	used	Arabidopsis thali-
ana and Schizosaccharomyces octosporus	to	represent	host	and	path-
ogen	 species,	 respectively.	While	 this	 is	 not	 a	 naturally	 occurring	
host–pathogen	 system,	 or	 symbiosis	 for	 that	matter,	 as	model	 or-
ganisms,	 these	 species	 have	 fully	 sequenced	 and	 well-	annotated	
genomes,	 which	 were	 ideal	 for	 our	 approach.	 Additionally,	 most	
species	within	the	Schizosaccharomyces	genus	have	sequenced	and	
annotated	 genomes	 (Table	 S1).	 Using	 the	 genomes	 of	 the	 other	
Schizosaccharomyces	species	as	references	for	read	mapping	allowed	
us	 to	 assess	 if	 dual	RNA-	seq	data	 could	be	 analysed	by	using	 the	
genomic	information	of	a	related	species	as	a	reference	when	study-
ing	 a	 species	without	 a	 sequenced	 genome.	 Therefore,	A. thaliana 
and S. octosporus	 allowed	 us	 to	 quantify	 how	 sensitive	 (or	 robust)	
different	 potential	 analysis	 methods	 were	 to	 increasing	 genetic	
distances	between	 the	 focal	pathogen	and	 the	 reference	genome.	
A. thaliana	will	be	referred	to	as	the	host,	and	S. octosporus will be
referred	to	as	the	pathogen.
2.2 | RNA- seq simulations
Flux	 Simulator	 was	 used	 to	 generate	 simulated	 RNA-	seq	 data	
(Griebel	 et	al.,	 2012).	 Flux	 Simulator	 produced	 sequencing	 reads	
from	 a	 reference	 genome	 according	 to	 annotated	 transcripts.	
F IGURE  1 Dual	RNA-	seq	Simulation	Study	Workflow.	We	outline	our	steps	to	investigate	best	approaches	for	analysing	dual	RNA-	seq	
datasets	of	non-	model	systems
transcriptomes	 for	 alignment	 of	 reads	 from	 each	 dual	 RNA-	seq	
dataset.
Read	 mapping	 was	 conducted	 with	 four	 different	 aligners:	




















fectiveness	 and	 accuracy	 of	 analytical	methods	 for	 dual	 RNA-	seq	
data,	(Workflow	in	Figure	1):
2.3.1 | Raw read mapping
First,	 we	 investigated	 the	 accuracy	 of	mapping	 the	 raw	 sequenc-
ing	 reads	 that	 were	 comprised	 of	 both	 host	 and	 pathogen	 reads.	
We	conducted	alignments	with	the	reference	genome	of	the	target	
pathogen	species,	S. octosporus,	and	those	of	species	closely	related	
to	 the	 target	 species.	 Each	 of	 the	 four	 alignment	 algorithms	 dis-
cussed	above	was	utilized.
2.3.2 | Sequential mapping approach: map to host 
genome first
While	the	decision	of	mapping	first	to	the	host	or	pathogen	is	some-









taining	 unmapped	 reads	were	 converted	 to	 FASTA	 files	 using	 the	


























of	 pathogen	 reads	 that	 still	 include	 host	 reads	 could	 represent	 se-
quencing	from	RNA	extracted	after	imperfect	cell	sorting.
2.3 | Dual RNA- seq analysis approaches
For	each	reference-	based	approach,	 the	reference	genomes	and	
annotations	 for	S. octosporus	 (the	 target	pathogen), S. cryophilus, 
S. japonicus and S. pombe	 were	 used,	 downloaded	 in	 April	 2018
from	Fungi	Ensembl	((Rhind	et	al.,	2011),	Table	1).	As	S. octosporus
was	 simulated	 as	 the	pathogen	within	 the	 generated	dual	RNA-	
seq	datasets,	the	genomic	resources	for	the	other	species	within
the	 Schizosaccharomyces	 genus	 facilitated	 the	 investigation	 of
how	 different	 levels	 of	 evolutionary	 distance	 between	 the	 ge-
nome	of	the	target	species	and	reference	genome	affect	mapping




Hall,	 2010).	 These	 transcript	 sequences	were	 used	 as	 reference
TAB  L  E  1 Schizosaccharomyces	species	information
Species
1:1 Ortholog 






S. octosporus* – 11.5	Mb 38
S. cryophilus 85% 12.5	Mb 38
S. pombe 66% 12.5	Mb 36
S. japonicus 56% 12.5	Mb 44
aTarget	 Species:	 Species	 used	 for	 dual	 RNA-	seq	 simulations	
(S. octosporus).	




















align	 reads	 back	 to	 the	 assembled	 contigs	 (Langmead	 &	 Salzberg,	







SAM/BAM	 conversions,	 sorting	 and	 indexing	 were	 performed	
with	 SAMtools	 version	 1.3.1	 and	 Picard	 version	 2.2.4	 (Li	 et	al.,	
2009).	For	each	alignment,	the	number	of	mapped	and	unmapped	












wise	 comparisons	 did	 not	 have	 replicates	 because	 our	 simulations	






2.5 | Applications to other host–pathogen systems
To	 investigate	 if	 patterns	 observed	 with	 the	 above	 approaches	
held	 across	other	 host–pathogen	 systems,	we	 also	 simulated	dual	
RNA-seq	 involving	another	fungal	pathogen,	Candida albicans,	and	
a	different	host	 species,	Homo sapiens.	Additionally,	we	 simulated	
a	bacterial	pathogen	system	with	Homo sapiens and Escherichia coli. 
Many	species	within	 the	Candida and Escherichia	genera	have	ref-
erence	 genomes	 available.	We	 utilized	 two	 sister	 species	 of	 each	
C. dubliniensis and C. parapsilosis,	and	E. fergusonii and E. albertii	as
reference	 species	 to	 evaluate	 impact	 on	 dual	 RNA-	seq	 analytical
methods	(Table	S2).
3  | RESULTS
3.1 | Generation of simulated datasets
We	simulated	dual	RNA-	seq	datasets	to	investigate	if	and	how	dual	
RNA-	seq	can	be	utilized	in	host–pathogen	systems	in	which	genomic	





datasets	 for	Homo sapiens and Candida albicans, and Homo sapiens 
and Escherichia coli,	 also	with	 varying	 ratios	 of	 pathogen	 reads	 to	
host	 reads.	We	will	 first	 discuss	 the	main	 results	 from	 the	 76-	bp	
single-	end	A. thaliana and S. octosporus	datasets	 relegating	 the	ex-
tensions	and	ancillary	results	to	the	supplement.




ping	 raw	 reads	 to	 the	 target	 genome	of	 the	 pathogen	of	 interest,	
the	 four	 aligners	had	comparable	mapping	 rates	of	 reads	originat-
ing	from	the	pathogen	(Figure	2a).	TopHat2	and	MapSplice2	aligned	
c. 88%	 of	 pathogen	 reads;	 STAR	 and	 NextGenMap	 each	 aligned
over	99%	of	pathogen	reads	to	the	target	reference.	Mapping	rate
of	pathogen	 reads	was	unaffected	by	 the	percentage	of	pathogen





occurrence	 among	 real	 dual	 RNA-	seq	 datasets,	 mismapped	 host
reads	comprised	25–98%	of	 the	total	 reads	mapped.	 In	sum,	most
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































reads	 to	 the	source	pathogen	genome	also	 incorrectly	aligned	 the	
most	host	reads	to	the	pathogen	genome.
As	many	pathogen	species	do	not	have	genomic	resources,	we	




STAR	 and	 NextGenMap	 were	 able	 to	 map	 pathogen	 reads	 when	
using	 the	genomic	 information	of	 a	 related	 species	 as	 a	 reference	
(Figure	2a).	Mapping	rates	of	pathogen	reads	remained	unaffected	










target	 and	 reference	 genomes	 increased.	 Thus,	 there	 is	 a	 distinct	
bifurcation	 between	 aligners	 that	 can	 and	 cannot	 effectively	map	
pathogen	reads	when	only	a	related	reference	genome	is	available.





under	 any	 sequencing	 parameters	 (Figure	2b,	 S3).	 When	 aligning	





S. japonicus	 transcriptomes,	 and	 c.	 15%	 of	 host	 reads	 mapped	 to	
S. pombe.	The	effects	of	evolutionary	distance-	related	mismapping	
is	 greatest	 in	 datasets	 in	which	 the	 proportion	 of	 pathogen	 reads	
was	low,	as	host	reads	comprise	the	majority	of	total	reads	mapped.



























3.4 | Alternative mapping strategies may reduce 
mapping problems
We	 considered	 three	 alternative	 approaches	 that	 could	 reduce	






read	mismapping	only	 slightly	 (Table	2).	For	most	alignments,	 the	

















to	 the	 pathogen	 (‘assembly’	 approach).	 The	 majority	 of	 assembled	
contigs	were	 comprised	entirely	of	 host	 reads	or	 entirely	of	 patho-
gen	reads	(Assembly	metrics	in	Figure	S1).	A	small	fraction	of	contigs	
were	chimeras—that	is,	a	mix	of	host	and	pathogen	reads	(labelled	as	
‘undetermined’).	Alignments	of	 these	 assembled	 transcripts	 to	 each	




























reads	mapped	 to	S. pombe	 and	15%	of	 contigs	 comprised	of	patho-
gen	reads	mapped	to	S. japonicus.	Although	some	of	the	contigs	that
were	unable	to	be	identified	as	comprised	of	pathogen	or	host	reads	





3.5 | Effect of sequencing parameters
To	investigate	the	effect	of	sequencing	parameters—the	size	of	se-
quencing	 read,	 paired-	end	 vs.	 single-	end	 reads—on	 the	 above	 ap-
proaches,	we	simulated	dual	RNA-	seq	datasets	of	the	same	system	
with	a	longer	read	length	(150	bp)	and	with	paired-	end	sequencing	
(Figure	 S11–S16).	While	 the	 same	 patterns	 largely	 held—that	 raw	
read	mapping	resulted	in	host	reads	mismapping	when	aligning	with	
STAR	and	NextGenMap	and	mapping	reads	 to	a	concatenated	ge-
nome	or	 assembling	 reads	 de	 novo	 prior	 to	mapping	 substantially	
reduced	host	read	mismapping—there	were	some	differences	among	
the	 layouts.	 Specifically,	 longer	 read	 lengths	 not	 only	 resulted	 in	
overall	 lower	host	read	mismapping	rates	(which	is	consistent	with	
the	results	of	mapping	assembled	reads)	but	also	resulted	in	 lower	
pathogen	 read	mapping	 rate,	 especially	when	mapping	 to	 the	 ge-
nomes	 of	 species	 closely	 related	 to	 the	 pathogen.	 Additionally,	
assembling	 76	 paired-	end	 reads	 de	 novo	 prior	 to	mapping	 to	 the	
Schizosaccharomyces	genomes	resulted	in	more	reads	that	could	not	
be	 identified	 as	 from	 the	 host	 or	 pathogen	 (potentially	 chimeras)	
comprising	the	group	of	mapped	reads.	As	expected,	longer	paired-	
end	reads	generally	performed	better	than	other	configurations.








host–fungal	pathogen	system,	Homo sapiens and Candida albicans,	as	
well	as	a	bacterial	pathogen	system,	Homo sapiens and Escherichia coli. 
While	alignments	of	the	Human-	Candida	raw	reads	to	the	genomes	of	
the	target	species,	C. albicans,	and	two	closely	related	species,	C. dub-
linensis and C. parapsilosis,	did	result	in	a	comparable	level	of	host	read	
mismapping	to	the	above	analyses	(Figure	S6),	alignments	of	Human-	E. 
coli	raw	reads	had	minimal	if	any	host	read	mismapping	(Figure	S10).	









Understanding	 the	 genetic	 mechanisms	 of	 host–pathogen	 inter-





Consequently,	 it	 was	 previously	 unknown	 whether	 and	 how	 dual	
RNA-	seq	could	be	applied	to	non-	model	host–pathogen	systems,	in	



















sets	of	a	plant	 (Arabidopsis	 thaliana)	and	 fungus	 (Schizosaccharomyces 
octosporus)	as	well	as	simulated	dual	RNA-	seq	datasets	of	human	and	





























produced	by	mapping	 raw	reads	 to	 the	 target	genome	with	TopHat2	
(in	which	host	reads	did	not	mismap)	and	STAR	(in	which	host	reads	did	
mismap)	indicated	that	the	alignments	produced	with	STAR	had	overall	












• If	 a	host	 genome	 is	 available,	 concatenating	 the	genome	of	 the
host	with	the	genome	of	species	closely	related	to	the	pathogen
of	interest	(place-to-go	approach)	results	in	more	accurate	align-













remain	woefully	 unaware	of	 how	 the	 accuracy	of	mapping	meth-
ods	utilized	to	separate	host	and	pathogen	reads	affects	dual	RNA-	
seq	 studies.	The	methods	we	used	here	 allowed	us	 to	 assess	 the	
accuracy	of	alignment	approaches	of	dual	RNA-	seq	 in	non-	model	
systems	through	simulated	sequencing,	but	the	biological	truth	of	
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